Ferrocyanide compounds enter the environment as anti-caking additives to road salts. In illuminated aquatic environments, the salts dissociate and form toxic free cyanide, which can then be lost through volatilization. The most common techniques for analysis of cyanide in environmental samples measure total and free (generally weak-acid dissociable, WAD) cyanide species. Cyanide has been detected in urban snow and winter runoff, but its potential impact in aquatic environments is not well understood. Between 2007 and 2009, cyanide was measured in parking lot runoff after deicer application, runoff from an urban snow disposal site and stormwater ponds. Parking lot runoff concentrations were highest, with 42% of samples displaying WAD cyanide and 97% containing total cyanide at concentrations higher than the method detection limit (MDL) of 0.01 mg/L. Smaller proportions of snow disposal site runoff and stormwater pond samples displayed WAD and total cyanide levels above the MDLs. Since the MDLs achieved were higher than guideline levels, the actual number of exceedances could not be determined. While this study indicates that cyanide in road salts poses a potential risk to the aquatic environment, it also highlights the need for more sensitive analytical techniques for such samples.
INTRODUCTION Cyanide sources
Cyanide-containing substances occur naturally in the fruits, seeds, roots and leaves of numerous plants and are released to the environment during biogenic processes from higher plants, bacteria and fungi. The major sources of cyanide in the aquatic environment, however, are anthropogenic: discharges from iron and steel mills, the metal-finishing and organic chemical industries and wastewater treatment facilities. Other sources to groundwater and surface waters include landfill leachate and the use of cyanide-containing road salts (ASTDR ).
Approximately 5 million tonnes of road salt (mostly sodium chloride, NaCl) are applied during winter road maintenance in Canada annually (Environment Canada and Health Canada ) . From an environmental point of view, high concentrations of chloride in surface waters and groundwater resulting from road salt applications are of particular concern. Ferrocyanide salts are added as anticaking agents to road salts and form additional chemicals of concern. While such bound forms of cyanide are not themselves toxic, they can dissociate and transform into toxic free cyanide (HCN) when exposed to light or low pH (Novotny et al. ; Levelton Consultants ).
The anti-caking materials are added to road salt to prevent aggregation of the solid material, which makes it difficult to handle and distribute. If road salt becomes exposed to air with high humidity while in storage, a brine solution forms on the surface of salt crystals. When relative humidity drops, water evaporates, and the brine solution recrystallizes between the salt crystals, causing aggregation of the salt crystals. Ferrocyanide compounds can be added to decrease the solubility of sodium chloride in the absorbed moisture, which reduces the amount of recrystallization.
Common anti-caking compounds include the following (Levelton Consultants ):
• sodium ferrocyanide, Na 4 Fe(CN) 6 ·10H 2 O, commonly known as yellow prussiate of soda or YPS;
• sodium ferrocyanide, Na 3 Fe(CN) 6 According to the Priority Substances List (PSL) assessment document (Environment Canada and Health Canada ), road salts containing sodium ferrocyanide are used in Ontario, Québec and the Atlantic provinces. From Manitoba to interior British Columbia, the salt that is used as road salt is a by-product from Saskatchewan potash mines and is not treated with sodium ferrocyanide. On the west coast, rock salt imported from Chile is treated with sodium ferrocyanide at a rate of 60 mg/kg (Environment Canada and Health Canada ). Across Canada, sodium ferrocyanide is added to sodium chloride in amounts of 30-124 mg/kg (Letts ).
Guidance on ferrocyanide addition rates can be found in the Pacific Northwest Snowfighters Association Deicer Specification document (Pacific Northwest Snowfighters ):
'Anti-Caking agent will be included to insure that the material remains free from hard caking and suitable for its intended purpose. Note: Salt for highway use is usually treated with either Ferric Ferrocyanide or Sodium Ferrocyanide. The amount of Prussian Blue added is 70 to 165 parts per million (ppm), equivalent to 0.33 to 1.14 pounds per ton of salt. YPS is added in the amount of 50 to 250 ppm, equivalent to 0.1 to 0.5 pounds per ton of salt. YPS is also used as an anti-caking agent in table salt, and has approval of the U.S. Food and Drug Administration. Based on exhaustive testing no evidence of toxicity was demonstrated. If used, the presence of these products will not be assessed towards the total cyanide concentration when testing this product. However, the total cyanide concentration of the original material must meet specifications.'
In a recent analysis of total cyanide in 42 road salt products by Levelton Consultants (), only seven samples displayed measurable total cyanide. Of these seven products, three were solid salt products that were diluted to a 25% weight/weight solid solution and four were liquid salt products. Only three samples exhibited concentrations above the guidelines for maximum concentration (GMC) value of 2.6 mg/L recommended in the Transportation Research Board publication 'Guidelines for the Selection of Snow and Ice Control Materials to Mitigate Environmental Impacts' (Levelton Consultants ). The GMC values were established on the assumptions that the road salt is diluted 500 times at the point the material leaves the roadway, and that no acute or chronic effects will be allowed to extend beyond the margins of the roadway. Similarly, in a study of trace constituents of Massachusetts Highway Department deicing constituents, Granato () failed to detect total cyanide in any of 12 laboratory dilutions of sodium chloride or calcium chloride road salts. It was suggested, however, that dissociation, photolysis and offgassing in the clear, well-stirred laboratory solutions may have caused losses of cyanide from the solution (Granato ). In summary, dissociation and conversion of ferrocyanide to free cyanide in soils and groundwater would be expected to be slow, but could occur in surface runoff and nearby receiving waters, where cyanide could have toxic effects. Volatilization and dissipation of HCN would be expected to decrease cyanide levels with exposure time.
Cyanide in the environment

Analytical methods
The environmental behaviour and potential toxicity of cyanide depends on its speciation. As discussed above, many Water quality criteria for cyanide CCME water quality guidelines for the protection of aquatic life (CCME ) set a limit of 5 μg/L as free CN. No fact sheet is available for the derivation of this guideline value, which was carried over from Canadian Water Quality Guidelines (CCREM ). In the 1987 document, it was The first two types of sites (alternative and conventional deicers) were separated in order to distinguish between the two types of systems being tested. In terms of time between road salt application and sample collection, the parking lot runoff samples were freshest, being collected on the first snowmelt/runoff event after salt application. The snow storage site samples were collected as the dumped snow pile melted; this could be days or weeks after the application of road salt. The stormwater samples were generally collected in the spring and summer months, reflecting a period of months after road salt application.
Sampling at individual sites
Note that the individual studies were not designed for the purpose of monitoring cyanide; the cyanide data obtained in the course of broader studies of urban snowmelt and runoff was revisited for the purpose of this report.
Parking lots
Parking lot 1 (GO1) was separated hydraulically from the other parking lots (GO2 and GO3) at the Clarkson GO station site. GO1 was selected for the testing of an alternative potassium chloride-based deicer. This material was selected from a number of alternatives, and applied in preference to regular rock salt (NaCl), which was used at the other two GO sites. Due to some difficulty with application methods which were adapted to a large parking area and differences in the way the material acted upon the snow and ice on the lot, an application of road salt often followed the alternative deicer in order to create the required bare pavement condition within the allotted time (i.e. before the early morning rush hour began at ∼6 a.m.).
At all GO sites, samples were collected using a programmable sampler (ISCO or HACH-SIGMA) with an intake strainer submerged just below the flow measurement weir. Weekly grab samples were used to collect the baseflow samples. The event-based runoff was collected using an automated sampler linked to the flowmeter on-site. Samples were manually combined in a flow-proportioned composite for analyses and submitted to the analytical laboratory.
Stormwater ponds
Water samples were collected by rowboat from the stormwater ponds using a small peristaltic pump from 10 cm above the sediment water interface (within the chloride layer if present), using an intake strainer attached to a sampling pole. Whenever possible, samples were collected in the order from downstream to upstream to avoid contamination due to the natural flowpath of the water. Samples were pumped slowly, lines were purged each time and the sampling pole was moved carefully to prevent site-to-site contamination and provide the most accurate environmental sample. 
Richmond Hill pond RH7-3
This pond was sampled once in 2009 (17 July 09). Eight sites were selected for sampling. This pond was constructed in 2002 (7 years old) and it receives runoff from an older residential area (for which the pond was originally designed) as well as a newly constructed residential area (total 8.3 ha -
45% imperviousness).
Terraview & Willowfield stormwater management facility
This stormwater management facility consists of a sediment forebay and two ponds in series, connected by vegetated channels. It was constructed in 1999 (20 years old) and was designed to replace an existing concrete channel, which provided no flow attenuation or treatment for the runoff. This system receives runoff from 9 ha of a major highway (Highway 401), with an average daily traffic flow of >500,000 vehicles/day. Further downstream, it also receives inputs from residential areas surrounding the pond system (total 30 ha).
The Terraview and Willowfield ponds were sampled on five separate occasions. Nine sampling points were chosen along the flowpath from the inlet to the outlet of the pond.
On 10 April, 2008, only six points in the pond were sampled.
On 5 August, 2008 , 31 October, 2008 , 29 January, 2009 , and 14 April, 2009 , all nine sample sites were used.
RESULTS
For analysis of all sample types, the laboratory at Environment Canada's WTC employed a colorimetric method for analysis of WAD and total cyanide, which may achieve a method detection limit ( All values measured as above detection limit were also higher than the CCME free cyanide guideline value of 0.005 mg/L (CCME ). Thus, at least 40% of parking lot runoff samples released directly to a receiving water body could produce toxic effects. Samples of snowmelt released from a snow disposal site have been exposed to sunlight for a longer period of time than fresh parking lot runoff, so it is possible that a greater proportion of free cyanide volatilized from these samples; only 11% were confirmed to contain WAD cyanide above toxic levels. The runoff present in stormwater ponds was even lower in cyanide concentration, due to dilution and the greater time available for the conversion and volatilization processes. all reported values were used for these calculations, with two exceptions: non-detects and samples for which WAD cyanide concentration was reported as greater than total cyanide concentration were excluded. Given the relatively high number of readings below MDL and the high variability in values, these ratios must be considered approximate.
It is not possible to determine if the difference between total cyanide and free cyanide could be entirely attributed to ferrocyanides that would transform to free cyanide on illumination, but these results further emphasize the potential risk to aquatic environments receiving direct runoff from heavily salted roads and parking lots. The difficulty in determining the relative risk of these additional cyanide species is the source of debate over which parameter is most appropriate to measure in environmental samples exposed to ferrocyanides in runoff. Due to the ongoing conversion and volatilization of cyanide species in illuminated aqueous samples, the timing of sampling is important. The risk to receiving environments may be relatively short lived and could be mitigated by runoff management techniques; the effects of exposure and dilution on reducing cyanide levels in snow dumps and stormwater management facilities are evident in Table 4 .
CONCLUSIONS
The environmental behaviour and potential toxicity of cyanide depends on its speciation. More sensitive and selective analytical techniques are 
